Blood vessel endothelial cells not only function as a barrier but also play an important role in the maintenance of vascular homeostasis (1 ) . Endothelial dysfunction is characterized by diminished production or availability of NO and by alterations in other important vasoactive molecules, such as endothelin-1 and prostacyclin, resulting in impaired endothelium-dependent vasodilation (2 ) . Many studies have demonstrated that endothelium dysfunction is an early marker of the development of atherosclerosis, which contributes to various cardiovascular disorders (3, 4 ) . Many cardiovascular risk factors are associated with the onset of endothelial dysfunction, including hypertension, hypercholesterolemia, smoking, increased age, type 2 diabetes, chronic inflammation, and oxidative stress (5) (6) (7) . The reduced production or availability of endothelium-derived NO is well correlated with endothelial dysfunction, which can be assessed by measuring flow-mediated dilation (FMD) 6 of the brachial artery (8, 9 ) . In addition, certain inflammatory molecules such as soluble vascular cell adhesion molecule-1 (sVCAM-1) (10 ) are among the important biomarkers of endothelial dysfunction.
A large number of epidemiological and medical anthropological investigations have shown that the consumption of polyphenol-rich plant foods is nega-tively associated with the incidence of cardiovascular diseases (11) (12) (13) . There are thousands of different plant polyphenols, including flavanols, flavones, catechins, isoflavones, and anthocyanins, which are abundantly present in various fruits, vegetables, and beverages (14 -16 ) . Investigations from our group and others have shown that anthocyanin-rich food and beverages and purified anthocyanins improve lipid profiles and inhibit the formation and progression of atherosclerosis, possibly through their antiinflammatory and antioxidative properties (17) (18) (19) . Theoretically, these beneficial effects should lead to the alleviation of endothelial dysfunction. Indeed, several recent studies have shown that anthocyanin-rich foods can activate endothelial NO synthase (NOS) and improve endothelial function in vitro and in animals (20, 21 ) . However, whether the direct consumption of purified anthocyanins can have a beneficial effect on endothelial function in people has not been previously assessed.
The focus of our current study was to evaluate the effects of anthocyanins purified from bilberries and blackcurrants on endothelial function in individuals with hypercholesterolemia and to explore the underlying mechanism of any observed effects.
Participants and Methods

MATERIALS AND METHODS
Anthocyanin and placebo capsules were obtained from Polyphenols AS. The total anthocyanin content was 80 mg per capsule and consisted of 17 different natural anthocyanins purified from the bilberry (Vaccinium myrtillus) and blackcurrant (Ribes nigrum) (18 ) . More detailed information of the content of treatment capsules and other materials is provided in the Supplemental Data that accompanies the online version of this article at http://www.clinchem.org/content/vol57/ issue11.
PARTICIPANTS
A total of 150 hypercholesterolemic individuals aged 40 -65 years were recruited into this clinical trial between November 2008 and December 2010 from physical examination centers in 3 hospitals in Guangzhou, Guangdong, China. Women and men represented 58% and 42% of this cohort, respectively. Participants selected for inclusion in the study had a fasting total cholesterol concentration between 200 and 310 mg/dL (5.2 and 8.0 mmol/L). Exclusion criteria included a history of cardiovascular disease, diabetes mellitus, hypertension, thyroid disorders, smoking, or the use of any drugs that could influence the measurement of lipid parameters, inflammatory markers, or vasomotion. This study was approved by the ethics committee of Sun Yat-Sen University, and signed informed consent was obtained from all participants. All protocols adhered to institutional guidelines as well as the Helsinki Declaration.
STUDY DESIGN
For the short-term study, 12 individuals with hypercholesterolemia after overnight fasting were randomized in a crossover design with a 7-day washout, and consumed either anthocyanins (320 mg) or placebo capsules. During a 4-h (8 AM to 12 PM) intervention, the participants consumed no food but drank water twice. Blood samples were obtained before and at 1, 2, and 4 h after the intake of the capsules to determine the plasma concentrations of anthocyanin and cGMP. FMD measurements were made each time blood samples were obtained.
For the long-term study, eligible participants were randomized in a double-blind, placebo-controlled, parallel, 12-week trial and assigned to either the anthocyanin group (n ϭ 75; 31 males and 44 females) or the placebo group (n ϭ 75; 32 males and 43 females). During the trial period, the participants were instructed to consume 2 anthocyanin capsules or placebo capsules twice daily (30 min after breakfast and supper). They were also asked to maintain their habitual diet and lifestyle. The anthocyanin capsules (80 mg anthocyanins per capsule, 4 per day) provided a total daily intake of 320 mg anthocyanins. Each of the participants attended a follow-up session every 4 weeks. During these visits, the adherence to the protocol was assessed by recalling the empty packages and obtaining related information. Meanwhile, the capsules were dispensed, and the body weight, blood pressure, and circumferences of the waist and hip of each participant were measured. In addition, overnight fasting blood samples were taken in the morning at baseline and at week 12 to measure the lipid and glucose profiles as well as the concentrations of sVCAM-1 and cGMP. Brachial artery endothelial function was also evaluated in the morning by use of an ultrasound based method. Notably, 12 hours before and during the examination periods of endothelial function, the participants did not eat or drink anything but water. Moreover, a 3-day 24-h dietary recall was conducted at baseline and at week 12 to ascertain whether the nutrient and energy intake of the participants changed during the study.
OUTCOME MEASURES
Assessment of endothelium-dependent brachial artery FMD. Endothelial function as determined by the FMD, endothelium-independent glyceryltrinitrate-induced dilation (GTND), and blood flow was measured noninvasively in the right brachial artery by use of a highfrequency ultrasound scanning machine (Sonos 4500; Phillips Medical Systems) and a high-resolution (7.5 MHz) linear array transducer in accordance with published guidelines (22 ) . More detailed information regarding this method is available in the online Supplemental Data.
Plasma anthocyanins. The plasma anthocyanin concentrations were determined by HPLC in accordance with the method of Matsumoto et al. (23 ) with slight modifications. For more detailed information regarding their detection see the description in the online Supplemental Data.
Effect of NOS inhibition on anthocyanin-induced vascular dilation.
Twelve hours before and during the experimental periods, the participants did not consume any foods and drank water only. On day 1, 6 individuals were intravenously injected with normal saline solution at 8 AM, and then administered anthocyanin (320 mg) capsules 30 min later. On day 3, the same individuals were intravenously infused with N G -monomethyl-L-arginine acetate (L-NMMA), an NOS inhibitor, at 8 AM, and again consumed anthocyanin capsules 30 min later. The FMD, blood flow, blood pressure, and heart rates were measured at 8 AM and at 9:30 AM on day 1 and 3. The infusion rate of L-NMMA was set at 1 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 for the first 3 min followed by a 0.2 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 maintenance dose.
Ex vivo aortic ring experiments.
Ex vivo aortic ring assays were performed in accordance with the previously described methods of Nakamura et al. (24 ) . Briefly, male Sprague-Dawley rats (180 -220 g) were killed and the thoracic aortas were then isolated and cut into rings. The rings were then mounted in an organ bath filled with Krebs solution. After equilibration for 90 min, purified anthocyanins, L-NMMA, or a guanylate
quinoxalin-1-one (ODQ), were added to the bath and their effects on vasorelaxation were observed. Results from the contractile experiments were expressed as a percentage of the level of precontraction. More detailed information regarding the experiment is provided in the online Supplemental Data.
Other parameters. Assessments of the serum sVCAM-1, lipid, glucose, and plasma cGMP concentrations are described in the online Supplemental Data.
STATISTICAL ANALYSIS
All statistical analyses were performed by use of SPSS for Windows software (version 17.0, 2008; IBM-SPSS). We used the Kolmogorov-Smirnov test to assess the normality of distributions. Nonnormal variables were logarithmically transformed for statistical analyses.
Variables that followed a normal distribution were expressed as means (SD) or means (SE). Transformed data, including the concentrations of triacylglycerols and insulin and a homeostasis model assessment of insulin resistance (HOMA-IR), are presented as geometric means (upper and lower quartiles). The percentage change was calculated as follows: [(value at week 12 Ϫ value at baseline)/value at baseline] ϫ 100. The average percentage change was displayed as the mean (95% CI). Statistical significance was set at P Ͻ 0.05. We used the unpaired Student t-test to evaluate the differences in the variables between the 2 treatment groups at baseline and the vascular relaxant effects of anthocyanin in vitro. The effects of the intervention on anthropometric characteristics, dietary intake, lipid and glucose profile, sVCAM-1, and vascular function were assessed by using repeated-measures ANOVA, with a Bonferroni corrected post hoc t-test to assess differences between time points. The plasma anthocyanin concentrations and the effects of an NOS inhibitor on anthocyanin-induced vascular dilation in study participants were evaluated by using paired Student t-tests. Pearson correlation coefficients (r) were used to determine the association between the changes in the plasma cGMP and HDL-cholesterol (HDL-C) concentrations and the changes in FMD in the 12-week study.
Results
ANTHROPOMETRIC CHARACTERISTICS AND DIETARY INTAKE
As illustrated in Fig. 1, 4 participants were withdrawn because of their intake of lipid-lowering drugs or because they had moved away from the study area. Thus 146 hypercholesterolemic individuals finished this study (n ϭ 73 in the anthocyanin group, 31 men and 42 women; n ϭ 73 in the placebo group, 30 men and 43 women). The distribution of anthropometric characteristics and mean daily nutrient intake was uniform between the 2 groups at baseline and after the 12-week intervention (Table 1) . Anthocyanin treatment for 12 weeks, however, decreased systolic blood pressure significantly compared with the baseline value [126.2 (14.9) vs 119.5 (12.5) mmHg; P Ͻ 0.05]. No adverse effects were reported by any of the participants consuming anthocyanins or placebo throughout the intervention period.
SHORT-TERM EFFECTS OF ANTHOCYANINS ON FMD
In the anthocyanin group, the plasma delphinidin-3-O-␤-glucosides (Dp-3g) and cyanidin-3-O-␤-glucosides (Cy-3g) concentrations were examined before and within 4 hours of taking the capsule. We found that the concentrations of Dp-3g and Cy-3g were highest 1 h after the capsule was taken [9.3 (1.3) ng/mL and 5.5 (1.2) ng/mL, respectively] ( Fig. 2A) and the plasma cGMP concentrations had increased as well (Fig. 2B) . Interestingly, plasma cGMP concentrations also were highest at 1 h [143.9 (4.6) pmol/mL] after the anthocyanin capsule was taken, concomitant with the increased concentrations of Dp-3g and Cy-3g. Furthermore, anthocyanin ingestion significantly improved FMD from 8.3% (0.6%) at baseline to 11.0% (0.8%) at 1 h and 10.1% (0.9%) at 2 h (P Ͻ 0.05; Fig. 2C ).
LONG-TERM EFFECTS OF ANTHOCYANIN SUPPLEMENTATION ON cGMP CONCENTRATIONS AND ENDOTHELIAL FUNCTION
As shown in Table 2 , after the 12-week intervention, no anthocyanins or anthocyanin metabolic products were found in the overnight fasting blood samples in either the anthocyanin or placebo groups. In addition, no significant differences in the cGMP concentrations, brachial diameter, baseline and hyperemic blood flow, FMD, and GTND between the 2 groups at baseline were observed. There were significant increases in the cGMP concentrations [123.4 (21.6) pmol/mL at baseline vs 138.8 (22.5) pmol/mL at week 12; P ϭ 0.003], and FMD [8.04% (1.82%) vs 10.91% (2.06%); P Ͻ 0.001] after the12-week anthocyanin supplementation. There were no significant changes in the cGMP concentrations or the FMD in the placebo group. When mean values of the 2 variables were compared between the anthocyanin and the placebo groups, we observed significant changes in the cGMP concentrations [Ϫ1.2% (95% CI, Ϫ4.6% to 2.2%) vs 12.6% (95% CI, 8.6%-16.5%), P ϭ 0.031], and FMD [28.4% (95% CI, 13.2%-43.6%) vs 2.2% (95% CI, Ϫ3.6% to 8.0%), P ϭ 0.006]. No significant mean differences in the brachial diameter, baseline and hyperemic blood flow, and GTND were observed between the 2 groups after the 12-week intervention (P ϭ 0.583, Table 2 ).
The increase in cGMP after the 12-week anthocyanin intervention was found to be positively correlated with the change in FMD (r ϭ 0.428; P Ͻ 0.001) (Fig.  3A) . No such effect was evident in the placebo group (Fig. 3B) .
LONG-TERM EFFECTS OF ANTHOCYANIN SUPPLEMENTATION ON SERUM INFLAMMATORY MOLECULES AND THE LIPID PROFILE
The concentrations of serum inflammatory molecules, lipids, glucose, and insulin at baseline and 12 weeks after the intervention are summarized in Table 2 . There were no significant differences in these parameters between the anthocyanin and the control groups at baseline. Anthocyanin treatments for 12 weeks led to appreciable decreases (P ϭ 0.023) of serum sVCAM-1 concentrations Moreover, significant differences were found in the 2 variables between the anthocyanin and the placebo groups after the12-week treatment period (P Ͻ 0.05 in both cases). The changes in the HDL-C concentrations also positively correlated (r ϭ 0.309; P ϭ 0.008) with the FMD changes in the anthocyanin group (Fig. 3C) . No such correlations were found in the control group (Fig. 3D) . The intervention, however, did not cause significant changes in the concentrations of total cholesterol, triglyceride, apolipoprotein AI, apolipoprotein B, glucose, insulin, or HOMA-IR index between the 2 groups ( Table 2) .
EFFECTS OF NOS INHIBITION ON ANTHOCYANIN-INDUCED VASCULAR DILATION
It is well known that NO plays an important role in endothelium-dependent vasorelaxation (25 ) . We hence investigated the role of NO in mediating anthocyanin-stimulated FMD in a subgroup of our participants (n ϭ 6), who received an intravenous infusion of the NOS inhibitor L-NMMA. We found that an infusion of anthocyanin improved the FMD compared with the infusion of saline [11.0 (3.4)% vs 8.4 (1.9)%, P Ͻ 0.05], whereas no changes in the baseline and hyperemic blood flow, blood pressure, or heart rate were observed. However, the beneficial effects of anthocyanin on FMD were significantly blocked by the presence of L-NMMA [anthocyanin infusion on day 1 vs L-NMMA plus anthocyanin infusion on day 3: 11.0% (3.4%) vs 3.2% (0.8%); P Ͻ 0.001]. Moreover, differences in the baseline and hyperemic blood flow and blood pressure between the anthocyanin and L-NMMA plus anthocyanin intervention were also observed (P Ͻ 0.05; see online Supplemental Table 2 ).
VASCULAR RELAXANT EFFECTS OF ANTHOCYANIN IN VITRO
We further examined the role of the NO-cGMP pathway in mediating the effect of anthocyanins on vascular dilation in vitro by using a well-established rat aortic ring model (24 ) . The relaxant effects of anthocyanins upon phenylephrine-precontracted aortic rings with a functional endothelium were found to be significantly augmented when the cumulative anthocyanin concentration reached 5 g/mL (P Ͻ 0.001; Fig. 4) . The maximal relaxation was 80.1% (18.6%) (n ϭ 8) when the cumulative concentration of anthocyanins reached 50 g/mL. This effect was not observed in the aortic rings without functional endothelia (Fig. 4) . More importantly, the relaxation effect of anthocyanins was not observed in the presence of NOS inhibitor L-NMMA (Fig. 4) or GC inhibitor ODQ (see online Supplemental  Fig. 1 ).
Discussion
Several previous studies have revealed that the consumption of anthocyanin-rich foods and beverages improves endothelium-dependent vasodilation (20, 26, 27 ) . (27 ) . In vitro, anthocyanin improves vascular function by enhancing the activity of endothelial NOS and soluble guanylyl cyclase (26, 27 ) . We thus speculated that this effect would be partially mediated by the activation of NO-cGMP signaling in humans. However, anthocyanin-rich foods and beverages also contain thousands of other types of polyphenols, an unknown number of which may exert beneficial effects on endothelial function (28 ) . An evaluation of whether pure anthocyanins could improve endothelial function in human study participants was therefore necessary. To investigate whether dietary anthocyanins exert direct effects on endothelium-dependent vasodilation in the current study, we first conducted a short-term intervention trial in hypercholesterolemic individuals. The results showed that a maximal plasma concentration of Dp-3g and Cy-3g was reached at 1 h after dietary anthocyanin supplementation, and was associated with the highest achieved levels of FMD and plasma cGMP in these participants. We thus concluded that purified anthocyanins improve endothelial function. On the basis of the results obtained from the short-term intervention study, we explored whether pure anthocyanins would have a sustained beneficial effect on endothelial function via a long-term intervention. In our cohort of hypercholesterolemic individuals who were administered anthocyanin supplementation for 12 weeks, we observed dramatically improved endothelial function, as determined by FMD measurement, whereas we observed no significant differences in GTND, suggesting that anthocyanins do not affect NO-independent vasodilation. Moreover, long-term anthocyanin supplementation led to a significant increase in the plasma concentration of cGMP, a surrogate of NO bioactivity.
Vascular dilation is directly stimulated by NO, which is released from the vascular endothelial cells. NO is synthesized from L-arginine by an endothelial enzyme (NOS) (29 ) , and its activity can be specifically blocked by arginine analogs, such as L-NMMA, which serve as useful tools in studying the biological distribution and the function of NO (30 ) . The vasodilator activity of NO is attributed to its diffusion to the vascular smooth muscle cells and the activation of soluble GC, leading to the production of cGMP and cGMPmediated vasodilation (31, 32 ) . Because the half-life of NO is extremely short and the methods for NO measurement must be further developed (28 ), we used the circulating cGMP concentration as the index of NO activity and thus as an indirect marker of endotheliumdependent vasodilation (33 ) . We found that increased plasma cGMP concentrations correlated with improved FMD in hypercholesterolemic individuals treated by anthocyanin supplementation. Furthermore, in the presence of an NOS inhibitor (L-NMMA) or a GC inhibitor (ODQ), the effects of anthocyanin on endothelium-dependent vasodilation were abolished in humans and in a rat aortic ring model. These findings are consistent with the data shown in previous reports. Andriambeloson et al. demonstrated that delphinidin, a monomer of anthocyanin, evokes an 89% endothelium-dependent vasorelaxation (34 ) . Nakamura et al. have shown that a blackcurrant concentrate with a high content of anthocyanins produced an ap- Fig. 2. Levels of plasma anthocyanins (A), cGMP (B), and FMD (C) before and after capsule ingestion (n ‫؍‬ 12) .
Values are the means (SE). *P Ͻ 0.05, significantly different from the baseline (paired Student t-tests); #P Ͻ 0.05, significantly different from the respective time point in the control group (repeated-measures ANOVA with a Bonferroni corrected post hoc t-test). proximately 80% relaxation in norepinephrine precontracted rat aortic rings, and that the response was inhibited after addition of L-NMMA or ODQ (24 ) . We hence suggest that the improvement of endotheliumdependent vasodilation in individuals with hypercholesterolemia by anthocyanins occurs mainly through the activation of the NO-cGMP signaling pathway. The endothelial dysfunction seen in hypercholesterolemia is among the early events in the development of atherosclerosis, and is attributable to various cardiovascular abnormalities. In hypercholesterolemic individuals, endothelial function can be impaired by dyslipidemia and mild chronic inflammation, represented as increased total cholesterol or LDL-C concentrations and increased expression of sVCAM-1 (8, 10, 11 ) . In the present study, both dyslipidemia and inflammation among the hypercholesterolemic participants were found to be ameliorated by anthocyanin supplementation for 12 weeks. These lipid profile and inflammatory response changes were consistent with the findings of our previously reported investigations, in which anthocyanin supplementation in dyslipidemic individuals increased the serum HDL-C concentration and decreased the serum LDL-C concentration (18 ) , and an anthocyanin-rich black rice outlayer fraction was found to significantly reduce the plasma concentrations of inflammatory molecules, including sCD40 ligand, sVCAM-1, and high-sensitivity C-reactive protein, in individuals with coronary artery diseases (35 ) . Other investigators have shown also that berry consumption can lead to an increase in the HDL-C concentration in individuals showing cardiovascular risk factors (36 ) and that anthocyanin-rich red wine consumption produces a decrease in the serum VCAM-1 (Ϫ17%) and ICAM-1 (Ϫ9%) concentrations in healthy individuals (19 ) . Because dietary anthocyanin supplementation was shown in our analyses to improve not only endothelium-dependent vasodilation The data were evaluated by using Pearson correlation coefficients (r).
but also the lipid and inflammatory biomarker profiles, we suggest that the amelioration of the lipid profile and inflammation underlie the improvement of endothelium-dependent vasodilation by anthocyanin supplementation.
It should be pointed out that the bioavailability of anthocyanins in humans and animal models is accompanied by extensive conjugation and metabolism (37 ) ; moreover, the intact anthocyanins and the metabolic products can be found in the blood and urine after the administration of anthocyanins (38, 39 ) . These findings indicate that anthocyanin metabolites are likely to exert biological effects. In a previous study we have shown that protocatechuic acid, a major metabolite of the anthocyanins, inhibits monocyte adhesion and reduces atherosclerosis in apolipoprotein E-deficient mice (40 ) . In the present study, the results of the shortterm anthocyanin intervention showed that the increases in the FMD and cGMP concentrations were concomitant with increased plasma anthocyanin (Dp-3g and Cy-3g) concentrations. This finding indicates that intact anthocyanins are one of the components responsible for the improvement in FMD. Although the present data show that in the long-term intervention participants neither intact anthocyanins nor metabolic products were detected in fasting blood samples, owing to their rapid metabolism and elimination (37 ), this did not exclude the possibility that they existed in the tissues or organs nor that anthocyanin metabolites might also contribute to the improvement of FMD.
In conclusion, we have demonstrated for the first time that dietary anthocyanin supplementation improves endothelium-dependent vasodilation through the activation of the NO-cGMP signaling pathway in hypercholesterolemic individuals. Additional investigations are needed to assess the causative relationship between the beneficial effect of anthocyanins on the lipid profile and the reduction in inflammatory molecule release. Values are the means (SD). *P Ͻ 0.001, significantly different from the tests conducted in the presence of NOS inhibitor L-NMMA. The data were assessed via unpaired Student t-tests. ϩE, rat thoracic aortic rings with a functional endothelium; ϪE, those without a functional endothelium.
